bearing, storing impact energy within the deformed material rather than transferring it to the anatomical structures of the residual limb. Thus, the total energy within an ideal spring system remains the same, but the peak force is reduced by distributing the force event over a longer period of time. Decreasing the stiffness of a prosthesis should theoretically reduce the magnitude of the ground reaction force (GRF) loading peak and increase the time to reach this peak from force onset, commonly used metrics for characterizing shock absorption.
Previous studies have investigated the effects of reduced-stiffness components in comparison with more traditional components (e.g. a shock-absorbing pylon (SAP) vs a rigid pylon or an energy-storing foot vs a conventional solid ankle-cushion heel (SACH) foot). However, these studies have reported few differences in GRF loading peaks during level walking at a self-selected speed. [2] [3] [4] [5] [6] [7] [8] [9] [10] Furthermore, very few studies have accompanied in vivo testing of these components with mechanical testing to establish the mechanical differences between different prosthetic stiffness conditions. 2, 3, 7, 11 An amputee-independent investigation of mechanical properties is essential to quantify experimental conditions, as differently constructed prosthetic components might be described by similar net stiffness values. 7, 12 Thus, whether the previously tested components were actually characterized by distinct stiffness values that were substantially different between conditions is unknown. If not, this may explain the lack of significantly altered GRFs reported in previous gait analyses. Further investigation is needed to determine the appropriate stiffness properties required to provide adequate shock absorption to prosthesis users during load bearing.
The purpose of this study was to quantify the effect of changes in prosthetic stiffness on force generation during level walking among transtibial prosthesis users. The longitudinal prosthetic stiffness was varied systematically and independently from any other prosthesis characteristic over an independently verified range of values considered to be clinically relevant. The effect of longitudinal stiffness was investigated for several gait parameters related to shock absorption. It was hypothesized that changes in longitudinal prosthetic stiffness would result in kinetic changes demonstrated by altered GRF peaks and timing, although it was recognized that significant changes would most likely occur only at the lowest level of prosthesis stiffness.
Methods

Data collection
Subject recruitment. Subjects were recruited from the Northwestern University Prosthetics-Orthotics Center and the Jesse Brown Department of Veterans Affairs Medical Center (JBVAMC). Inclusion criteria were as follows: Exclusion criteria were as follows:
• • Poor socket fit that reduced control or limited activity; • • Use of an assistive device to walk distances <10 m; • • Body mass exceeding specified limit of prosthetic components (>125 kg).
All subjects provided written informed consent prior to participation in this study, and experimental procedures were approved by the Northwestern University Institutional Review Board.
Experimental prosthesis. The experimental prosthesis consisted of the subjects' own socket and suspension system, an Endolite Telescopic-Torsion (TT) Pro SAP (Endolite, Miamisburg, OH), a Seattle LightFoot (Trulife, Dublin, Ireland) of moderate keel stiffness, and a standardized shoe (Target Corporation, Minneapolis, MN). The TT Pro was selected because it allows easy modification of the longitudinal stiffness of the prosthesis through the substitution of different springs ( Figure  1 ). The transverse plane rotation feature of the TT Pro pylon was disabled for the purpose of this study. The Seattle LightFoot was chosen because of its low profile, comparatively high longitudinal stiffness, and popularity as a commercial prosthetic foot component. A certified prosthetist assembled the experimental prosthesis and performed a dynamic alignment such that both the prosthetist and subject were satisfied with the comfort and function of the prosthesis during walking. Alignments were performed with the manufacturer-recommended spring for each subject prior to data collection. Subjects were blinded to the stiffness condition and given a brief accommodation period of approximately 5 minutes or until the subject indicated that they felt comfortable walking with the device. the manufacturer-recommended stiffness (normal), 50% of normal stiffness (soft), 75% of normal stiffness (medium), and a rigid condition (rigid). The normal stiffness served as the baseline condition and was selected from one of three springs available with the TT Pro based on body weight (BW) ("impact level" was set as moderate for all subjects). Furthermore, the soft and rigid conditions represented the "extremes" of prosthetic stiffness. A steel cylinder insert for the rigid condition is a good approximation of a rigid pylon; the soft stiffness was considered the least stiff condition that would not result in a functional limb length discrepancy during prosthetic stance phase. Two spring sets were used for the experiments, and their stiffnesses were evaluated using a mechanical testing machine. Stiffness values for Spring Set 1 were 68.2 kN/m (soft), 89.3 kN/m (medium), and 111.8 kN/m (normal). Stiffness values for Spring Set 2 were 85.6 kN/m (soft), 111.8 kN/m (medium), and 153.8 kN/m (normal). The rigid condition was characterized by a stiffness of 3556.9 kN/m. Stiffness modifications were achieved by the removal of the spring within the housing of the TT Pro pylon and replacement with the appropriate stiffness spring or rigid steel cylinder. A position sensor was attached to the pylon to ensure that the softest springs were not exceeding the allowable travel within the pylon. The normal condition was tested first to establish baseline self-selected walking speeds. Randomization of the remaining three stiffness conditions was performed by means of a random integer generator. 13 Reflective markers were placed on the subjects in a modified Helen Hayes arrangement. 14 Subjects were instructed to walk with the normal spring condition at both a "normal" and a "fast" self-selected walking speed. The normal (i.e. freely selected) speed was evaluated as a clinically significant walking task, while fast walking was evaluated because previous studies report changes in force transmission during higher impact activities such as fast walking. 7, 9 Subjects walked until five clean force plate strikes were acquired for the prosthetic-side foot. Marker data were sampled at 240 Hz, and force data were sampled at 1920 Hz. Data from three normal trials were processed and averaged to determine a baseline for each speed condition. Walking trials for each of the remaining three stiffness conditions were retained only if the subjects were within 10% of their baseline speed. 8 
Data processing
Marker position data were post-processed in Cortex (MAC, v 4.0.0.1387) and were filtered using a 4th-order, low-pass Butterworth filter with a cutoff frequency of 6.0 Hz. GRF data were not filtered, but were decimated by a factor of eight to match the kinematic sampling frequency. OrthoTrak (MAC, v 6.6.4) was used to calculate kinematic and kinetic variables. The data were analyzed using custom programs written in MATLAB (MathWorks, Natick, MA). Peak vertical force during loading response (i.e. initial contact through contralateral toe-off) and the timing of this vertical peak force event were measured. Stance-phase knee flexion and pelvic obliquity, mechanisms that provide shock absorption during the loading response phase in able-bodied individuals, 15 were also analyzed. Finally, walking speed was calculated for each trial, despite the ±10% speed control, to identify any systematic speed effects.
Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 22 (IBM Corp., Armonk, NY). Normality of the data distribution was tested using the Shapiro-Wilk test. Friedman's test, a nonparametric repeated-measures twoway analysis of variance (ANOVA) for ranks was selected to identify statistically significant differences when evidence suggested that some data were not from a normally distributed population. Post hoc pairwise comparisons with a Bonferroni correction were performed to determine differences between prosthetic stiffness conditions at a significance level of α = 0.05.
Results
Twelve subjects (49 ± 18 years, 84.8 ± 21 kg) with a unilateral transtibial amputation participated in this study ( Table 1) . The average self-selected walking speed was 1.22 ± 0.18 m/s for the normal condition and 1.57 ± 0.28 m/s for the fast condition across all stiffness conditions (Tables 2 and 3) . A significant change in freely selected walking speed was observed between the normal and medium conditions. A summary of the kinematic data is presented in Table 2 , along with the corresponding p values. No statistically significant differences were found between prosthetic stiffness conditions for either knee flexion or pelvic obliquity (Figure 2) . Table 3 presents the kinetic results by stiffness condition and walking speed. These results include the GRF loading peak normalized to BW as well as the timing of this peak. A statistically significant difference in the peak GRF magnitudes between the normal and medium stiffness conditions was identified during freely selected walking. No statistically significant changes in time to peak loading force were observed across conditions during freely selected walking. For fast walking, the normal stiffness condition demonstrated a decreased peak force magnitude compared to the soft condition. In addition, a statistically significant decrease in time to peak was found with the rigid condition compared to the soft and medium conditions. Figure 3 illustrates the average force profile for a single subject across all five trials for all four stiffness conditions during the normal walking speed condition.
Discussion
This study aimed to determine the influence of prosthesis stiffness on kinetic and kinematic variables related to shock absorption during the gait of transtibial prosthesis users. Kinematic shock-absorbing mechanisms-stancephase knee flexion and pelvic obliquity-were investigated during loading response, but no statistically significant differences were found. Thus, it seems that subjects maintained consistent kinematic patterns despite substantial changes in prosthesis stiffness. Mean ± standard deviation for each experimental stiffness condition at both normal and fast self-selected walking speeds. Knee flexion angle and pelvic obliquity range of motion were calculated during the period from heel contact to contralateral toe-off. *p < 0.05.
The mean GRF loading response peaks ranged from 98.2%-104.5% BW at normal walking speeds, which are comparable to prosthetic-side peak forces reported in the literature. 16 The normal and medium stiffness conditions were found to have different GRF loading peak magnitudes, but this difference is likely attributable to the significant change in walking speed between the normal and medium conditions (1.18 vs 1.25 m/s). Perhaps more tellingly, the extreme stiffness conditions (soft vs rigid) were characterized by almost identical GRF magnitudes and walking speeds. No statistically significant changes were found in time to peak loading force across conditions during freely selected walking. These results corroborate the unchanged impact forces reported in the studies of running shoe insole stiffness. 17 Thus, it appears that the levels of longitudinal prosthesis stiffness that were tested are unable to meaningfully influence shock absorption during loading response at normal self-selected walking speeds.
In contrast, the fast walking speed condition demonstrated statistically significant changes in GRF variables that cannot be attributed to differences in speed. Changes in GRFs have been previously reported during fast walking and stepping down. 7, 9, 18 It has been speculated that the lower stiffness components may provide more substantial benefits during higher impact activities (such as fast walking, landing, and running) than during normal walking. However, in this study, slightly higher forces were observed for lower stiffness conditions (soft and medium) compared with the normal stiffness condition, contrary to the hypothesized effect. This finding is inconsistent with Mean ± standard deviation for each experimental stiffness condition at both normal and fast self-selected walking speeds. The magnitude and timing of peak force was identified during loading response phase (i.e. prior to contralateral toe-off). *p < 0.05. the behavior of a purely mechanical system and may reflect a deliberate "stepping hard" behavior by the research subjects to facilitate somatosensory feedback to their residual limbs. 19 Though the decreased time to peak found with the rigid condition compared to the soft and medium conditions was relatively small during fast walking (2.4% of stance phase), it indicates a faster loading rate in the rigid condition and supports the study hypothesis. On the other hand, no differences were found between other stiffness conditions in time to loading peak, indicating that the amount by which stiffness is reduced appears to be unimportant at fast selfselected walking speeds. Therefore, evidence that longitudinal prosthetic stiffness begins to affect GRF loading characteristics as walking speed increases is limited, a result supported in the literature. 7, 9 Nonetheless, the majority of individuals with transtibial amputations are likely to ambulate primarily at speeds <1.57 m/s (the average fast walking speed). Therefore, the data suggest that the levels of prosthetic stiffness evaluated in this study do not substantially affect the GRF loading peaks.
The observed kinetic invariance may demonstrate a flawed conceptual model of the prosthetic-side limb system. While the mechanical characteristics of the prosthetic components were well-controlled, the stiffness characteristics of the residual limb/socket interfaces were unknown. A previous study of the leg stiffness of able-bodied runners reported leg stiffness values ranging from approximately 8-16 kN/m. 20 If the soft tissue and residual anatomical structures of the amputated limb have a comparable stiffness to the able-bodied limb-an order of magnitude lower than the tested prosthesis stiffness values-then these elements could dominate the behavior of this system. In this case, all of the tested prosthetic stiffness values could be too high to influence the total limb stiffness.
A limiting factor in this experiment is the control of walking speed. Subjects were required to maintain a speed within 10% (above or below) of their baseline, which allowed for some variability in walking speed. Interestingly, subjects walked slowest in the normal condition, which may be attributable to their lack of familiarity with the experimental prosthesis. The walking speeds for the other three conditions were approximately 4%-6% faster on average than for the normal condition. Even though these speeds were within the 10% threshold, the consistently increased speed compared to the initial testing condition (normal) indicates the presence of an order effect. However, the consistent walking speed between the remaining conditions indicates that the order effect was unlikely to have substantially affected the results.
It is also important to consider whether the benefits of reduced-stiffness components outweigh their potential consequences, especially since little conclusive evidence of such biomechanical advantages exists. Previous work in which the stiffness of a prototypical foot was systematically varied concluded that the intermediate stiffness conditions might be preferable with respect to mechanical energy requirements 21 and muscular work. 22 Zelik et al. 21 hypothesized that softer spring conditions produced greater energy loss due to increased excursion of the body center of mass during gait, while a more rigid spring may have caused faster loading rates. Thus, there may be other factors besides shock absorption that should be considered when determining an optimal prosthesis stiffness prescription. Reducing the stiffness of a prosthesis excessively, for example, could result in improved shock absorption but require the adoption of undesirable gait compensations. Optimization of the prosthesis stiffness could provide enormous benefits in the reduction of energy expenditure during locomotion and may increase the comfort of the prosthesis user. 23 This study indicates that as currently prescribed within a transtibial prosthesis, adding longitudinal stiffness in isolation may not provide the anticipated shock absorption benefits.
Conclusion
A systematic variation of longitudinal prosthetic stiffness was performed to assess the influence of stiffness on both kinetic and kinematic variables related to shock absorption. The broad range of stiffness conditions compared to previous studies led us to hypothesize that kinetic variables (i.e. GRF peak magnitude and timing) would be affected by changes in stiffness. Negligible kinetic variance was detected between conditions, particularly at freely selected walking speeds. This result demands further investigation, as gait biomechanics should change predictably if there has been a substantial modification in the limb properties. Exploration of the passive stiffness properties of the transtibial residual limb is required to evaluate the assumption that commercially available levels of prosthesis stiffness are sufficient to create a meaningful change in the total prosthetic-side limb stiffness characteristics.
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